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Nitric oxide (NO), an unconventional and diffusible neurotrans-
mitter, is synthesized by nitric oxide synthase (NOS). NMDA
glutamate receptors are potent regulators of NO synthesis. We
have used dual-label immunofluorescence and confocal mi-
croscopy to examine forebrain neurons in the rat that contain
high levels of neuronal NOS (nNOS) for the presence of the
NMDART1 receptor subunit protein and regions of this protein
encoded by three alternative spliced segments of the NMDAR1
mRNA: N1, C1, and C2. In the neostriatum, neocortex, and
hippocampus, nNOS-labeled neurons exhibit strong NMDAR1
immunoreactivity (-ir). In all three of these regions, nNOS-
positive neurons are characterized by the absence of immuno-
reactivity for the C1 segment of NMDAR1, whereas C1-ir is

abundant in most nNOS-negative neurons. In addition, nNOS-ir
neurons exhibit selective staining for the alternative C2’ termi-
nus of NMDAR1 that is produced when the C2 segment is
absent. These results demonstrate directly that neurons with
abundant nNOS-ir contain NMDAR1 receptor subunit proteins
and that the NMDART1 isoforms present in these cells differ from
those of most other neurons in these regions. The distinct
NMDA receptor phenotype of these nNOS-positive neurons is
likely to contribute to both the physiological regulation of NO
release by glutamate as well as to NO-mediated excitotoxic
injury.
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Nitric oxide (NO) is an unconventional neurotransmitter, made
on demand and released by diffusion (Bredt and Snyder, 1992).
NO is synthesized from r-arginine by nitric oxide synthase
(NOS); at least three different isoforms of this enzyme have been
identified. In the brain the principal isoform is neuronal NOS
(nNOS), a 160 kDa Ca*"/calmodulin-dependent enzyme (Bredt
and Snyder, 1990; Dawson and Snyder, 1994). Intense immuno-
reactivity for nNOS is found in a small number of neurons in the
forebrain (Bredt et al., 1991; Valtschanoff et al., 1993a,b). This
population of nNOS-containing cells can be identified histochem-
ically by the presence of NADPH diaphorase, and in the neostri-
atum and cortex this population also contains the neuropeptide
somatostatin (Vincent and Johansson, 1983; Bredt et al., 1991;
Dawson et al., 1991; Hope et al., 1991; Rushlow et al., 1995).
There are convincing biochemical and pharmacological data
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that glutamate, acting via NMDA receptors, is one of the most
potent activators of nNOS (Garthwaite, 1991; Dawson and Sny-
der, 1994). Neuronal NOS also appears to participate in the
excitotoxic injury produced by NMDA receptor activation (Izumi
et al., 1992; Maragos and Silverstein, 1995; Schulz et al., 1995;
Dawson and Dawson, 1996; Dawson et al., 1996). Recent inves-
tigations have revealed that NMDA receptors, like other ligand-
gated ion channels, are heteromeric assemblies of protein sub-
units (Nakanishi, 1992; Hollmann and Heinemann, 1994). There
are two NMDA subunit gene familiess NMDARI1 and
NMDAR?2. In vitro, a member of the NMDARI family is re-
quired for channel activity. The NMDARI1 subunits are the
product of a single gene with three regions that may be variably
spliced, encoding a short segment in the N-terminal region (N1)
and two longer adjacent regions in the C terminus (C1 and C2;
see Fig. 1) (Moriyoshi et al., 1991; Sugihara et al., 1992; Zukin
and Bennett, 1995). These alternatively spliced regions of
NMDARI influence agonist selectivity of the channels, contain
sites for phosphorylation and interaction with calmodulin, and
are thought to be involved in intracellular targeting of the recep-
tor complexes as well as interactions with other protein compo-
nents of the postsynaptic density (Tingley et al., 1993; Ehlers et
al., 1995, 1996; Kornau et al., 1995; Zukin and Bennett, 1995;
Chazot and Stephenson, 1997). Four distinct genes encode the
NMDAR?2 subunits (Ishii et al., 1993; Monyer et al., 1994).
Heteromeric assembly of the NMDARTI isoforms, together with
distinct NMDAR?2 subunits, allows for formation of NMDA
receptor complexes with a variety of physiological and pharma-
cological properties (Nakanishi, 1992; Hollmann and Heinemann,
1994; Zukin and Bennett, 1995).
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Table 1. Antibodies used for immunohistochemical localization of NMDA receptor subunit proteins

Specificity Identifier Antigen Amino acids Dilution Reference
NMDARI 54.1 Fusion protein 660-811 1:250 (Siegel et al., 1994)
NMDARI-N1 22282 Peptide 1-21 of exon 5 0.5 pg/ml (Sheng et al., 1994)
NMDARI-C1 17182 Peptide 864-900 0.5 ug/ml (Sheng et al., 1994)
NMDARI1-C2 Peptide 923-938 1:500 (Aoki et al., 1994)
NMDARI1-C2’ D2 Ab Peptide 1-17 of C2’ 1:800 (Iadarola et al., 1996)

Listed are the specificity, identifying name or number, type of antigen, and working dilution for the NMDA receptor subunit protein antibodies used in this study. All
antibodies were raised in rabbits except NMDARI, which was raised in mouse. The references listed describe the production of these antibodies in more detail.

000

Figure 1. Schematic illustrating the proteins produced by
alternative splicing of the NMDARI mRNA, after Zukin
and Bennett (1995). The N- and C-terminal regions of the 001
eight potential isoforms of NMDARI are illustrated. The
forms are identified by a binary nomenclature (000-111) Q10
indicating the presence or absence of the various segments,
as listed on the left side. The conserved region of the pro- 011
teins, containing the membrane-spanning domains responsi-
ble for channel formation, are not illustrated. The NI inser-
tion in the N-terminal region consists of 21 amino acids,
encoded by exon 5 of the NMDARI gene. The C1 segment
contains 37 amino acids, encoded by exon 21. Two distinct 101
C-terminal sequences are possible, and these are determined

110

by the use of alternative splice acceptor sites within exon 22.
The C2 segment encodes 38 amino acids. If the C2 segment

is omitted, the reading frame is altered, producing a unique 111
C terminus (C2', shaded) containing 22 amino acids.

100

It is presumed that the effects of NMDA receptor agonists on
NO synthesis are mediated by NMDA receptors present on
nNOS-containing neurons. Using in situ hybridization, research-
ers have demonstrated the presence of mRNAs for NMDA
subunits in nNOS-containing populations of neurons in several
regions of the brain (Price et al., 1993; Augood et al., 1994;
Landwehrmeyer et al., 1995), but little is known about the local-
ization of the encoded proteins, and the expression of NMDARI1
isoforms has not been studied systematically. We have used a
panel of well characterized antisera to NMDARI1 and the regions
encoded by the variably spliced segments of the NMDARI1
mRNA to examine directly the expression and cellular localiza-
tion of NMDARI1 isoforms in neurons of the rat neocortex,
neostriatum, and hippocampus that contain abundant nNOS im-
munoreactivity (nNOS-ir).

MATERIALS AND METHODS

Antibodies and antisera. All of the immunochemical reagents for the
identification of NMDA receptor subunits have been described previ-
ously in published studies (Table 1). A monoclonal antibody (54.1)
targeted to a region of the rat NMDART1 protein common to all isoforms
was purchased from PharMingen (San Diego, CA). This antibody was
raised to a fusion protein corresponding to the region between trans-
membrane domains 3 and 4 of NMDART1 (Siegel et al., 1994). It has been
characterized by immunoblot analysis in both brain extracts and trans-
fected cells, and it has been used in numerous previous studies to localize
NMDARI (Siegel et al., 1994; Farb et al., 1995; Gazzaley et al., 1996;
Kharazia et al., 1996). Two affinity-purified antibodies, designated 22282
(for the N1 segment of NMDART1) and 17182 (for the C1 segment of
NMDART1), were obtained from Dr. Morgan Sheng (Neurobiology De-
partment and Howard Hughes Medical Institute, Massachusetts General
Hospital, Boston, MA). These antibodies were produced by using pep-
tide immunogens in rabbits and were characterized by immunoblots and
their ability to coimmunoprecipitate other NMDA subunits (Sheng et al.,
1994). Use of the C1 segment antibody in previous immunohistochemical
investigations has been reported (Liu et al., 1994; Johnson et al., 1996).
The antiserum to the C2 segment, produced at Johns Hopkins University
(Baltimore, MD), has been characterized by immunoblot analysis in
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brain extracts and transfected cells (Aoki et al., 1994) and has been used
in several previous immunohistochemical studies (Aoki et al., 1994, 1997;
Aoki, 1997). When the C2 cassette of the NMDARI1 mRNA is absent,
alteration of the reading frame produces a novel C-terminal sequence
(the “C2" segment”; Fig. 1) (Zukin and Bennett, 1995). We used an
antibody raised to a peptide and characterized both by Western blot as
well as by immunohistochemical techniques to localize this protein
segment (Iadarola et al., 1996). The nNOS antibody (JHS8GP, diluted
1:1000) was raised in guinea pig against a C-terminal peptide (amino
acids 1413-1429) of rat nNOS and was affinity-purified. This antibody has
been characterized in immunoblots of brain extracts and has been used
in previous studies for immunohistochemical localization of nNOS
(Huang et al., 1993; Aoki et al., 1997).

Immunohistochemistry. Dual-label immunohistochemistry was con-
ducted as described previously (Standaert et al., 1986; Testa et al., 1998).
Male Sprague Dawley rats (250-300 gm) were anesthetized deeply with
pentobarbital (100 mg/kg, i.p.) and perfused with normal saline, fol-
lowed by 4% paraformaldehyde in 0.1 M sodium phosphate buffer, pH
7.4, containing 0.9% NaCl (PBS) at room temperature (RT). The brains
were removed immediately, post-fixed for 1 hr in the same fixative at RT,
and then cryoprotected overnight in 30% sucrose at 4°C. Then the brains
were frozen in isopentane that was cooled with dry ice, and 50 pum
sections were cut with a freezing microtome. Finally, the sections either
were processed immediately for immunohistochemistry or were stored in
50% glycerol in 100 mm Tris, pH 7.5, at —20°C.

For immunohistochemistry, sections were washed in PBS, incubated in
3% normal goat serum with 0.3% Triton X-100 in PBS for 1 hr, and then
incubated for 48 hr at room temperature (for the 54.1 monoclonal and
C2' segment antibodies) or at 4°C (for all others) in the same solution
containing combinations of primary antibodies diluted as listed in Table
1. Sections then were washed in PBS and incubated sequentially in
fluorescent secondary antibodies. Antibodies to NMDA subunits were
labeled by using goat anti-rabbit or donkey anti-mouse antiserum cou-
pled to Cy3 (Jackson Laboratories, West Grove, PA). Neuronal NOS
staining was visualized with goat anti-guinea pig antiserum labeled with
fluorescein isothiocyanate (FITC; Jackson Laboratories). Then the sec-
tions were mounted on gelatin-coated slides, dried, and coverslipped with
glycerol containing 100 mm Tris, pH 8.0, and 0.2% p-phenylenediamine
(Sigma, St. Louis, MO) to retard fading. Each experiment included
control tissue, processed with the omission of one or both primary
antibodies. Preabsorption of the antisera with peptide immunogens was
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Figure 2. Localization of nNOS and the C1 and C2’ segments of NMDARI in the striatum. 4 and B illustrate neurons in the striatum stained for nNOS
(arrows), demonstrating the intense staining of the cytoplasm and process of these cells. C and D illustrate staining of the same fields for the C1 (C) and
C2' (D) segments of NMDARI, whereas E and F were produced by the superimposition of the images above. Immunoreactivity for C1 is found in most
striatal neurons (C) but is absent from neurons stained for nNOS (C, E, arrows). A small number of striatal neurons stain for C2’ (D), but these include
all of the nNOS-positive cells (D, F, arrow) as well as a number of nNOS-negative neurons (D, F, arrowhead). Scale bar, 40 um.
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Figure 4. Localization of the C2 and C2’ segments of NMDARI in striatal nNOS neurons. The panels on the /eft illustrate staining for the C2 segment
(A) and the C2’ segment (C). The panels on the right illustrate staining for nNOS. The antibody to the C2 segment produces staining of the cytoplasm
of most striatal neurons and fairly intense punctate staining of the striatal neuropil. Both nNOS-positive and nNOS-negative cells are stained for the C2
segment (4, B). The antibody to the C2' segment stains only a small number of striatal cells. The nNOS-ir neurons are stained intensely, but other C2’
stained cells do not stain for nNOS (C, D). Scale bar, 20 um.

conducted for all antibodies for which the published studies did not Preparations were examined with a Bio-Rad Laser Confocal system
include such experiments (the N1, C1, and C2' segment antibodies). In (MRC 1000; Hercules, CA) equipped with a Leica DMBR microscope
each case, preabsorption of the antibody with the appropriate peptide at (Nusslock, Germany) and an argon/krypton laser. Images were obtained
a concentration of 1-10 uM abolished all staining. by illuminating the section with a single laser line and collecting the
<«

Figure 3. Localization of NMDARI isoforms in striatal neuronal nitric oxide synthase (nNOS)-containing neurons. The panels on the left illustrate
immunohistochemical staining for the common region of NMDART1 (A), the N1 segment (C), and the C1 segment (E). The panels on the right, B, D,
and F, illustrate staining of the same sections for nNOS. Staining for NMDARI is found in nearly all striatal neurons, including those containing nNOS
(4, B). The antibody to the N1 segment stains produces staining of the striatal neuropil as well as low-level staining of the cytoplasm of neurons; the
intensity of this staining in nNOS-positive and nNOS-negative cells is similar (C, D). The antibody to the C1 segment produces robust cytoplasmic
staining of most striatal neurons, but it does not stain those that contain nNOS (E, F). Scale bar, 20 um.
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image by using an appropriate emission filter: for Cy3, excitation at 568
nm and a 605 nm long-pass filter; for FITC, excitation at 488 nm and a
522 nm bandpass filter. For each wavelength, four sequential images
1024 X 1024 pixels in size with an eight-bit pixel depth were obtained and
averaged, using a Kalman filtering method to reduce noise.

RESULTS

Neostriatal nNOS neurons contain NMDAR1 receptor
subunit immunoreactivity

Immunohistochemical staining with the antibody to nNOS pro-
duced intense labeling of a small number of neurons in the
neostriatum (Fig. 24,B). These were relatively small in size, but
they had extensive immunopositive arborizations. Staining with
the NMDARI1 monoclonal antibody to the conserved segment of
the protein produced labeling of cells throughout the striatum as
well as other brain regions (Fig. 34). The staining for NMDARI1
was most abundant in the cytoplasm of neurons and, under high
magnification, had a granular appearance. Granular staining for
NMDARTI was also present within the neuropil of the striatum
and other regions. Colocalization of nNOS with NMDARI1 dem-
onstrated that this glutamate receptor subunit was present in all
of the nNOS-positive neurons of the neostriatum (Fig. 34,B). In
these cells the staining was concentrated primarily in the cyto-
plasm, but it also could be observed along the margins of the
somata and in association with some of the larger nNOS-positive
processes of these cells.

Neostriatal NNOS neurons contain distinct

NMDAR1 isoforms

Preparations stained with the antibodies to the regions encoded
by the alternatively spliced segments of NMDARI revealed dif-
ferential localization of these epitopes among nNOS-positive and
nNOS-negative striatal neurons. Very little NMDARI1-N1-ir was
present in either population, whereas a moderate number of N1-ir
puncta were present within the striatal neuropil (Fig. 3C,D). Most
striatal neurons were strongly labeled by the antibody to the C1
segment, but this antibody produced no detectable staining of the
nNOS-positive cells (Figs. 2F, 3E,F). Moderate amounts of C1
segment staining were found in the neuropil of the striatum but
were excluded from the regions occupied by nNOS neurons and
their processes.

The antiserum to NMDARI1-C2 stained both nNOS-positive as
well as nNOS-negative neurons in the striatum (Fig. 44,B). In
addition, this antiserum produced fairly intense staining of the
striatal neuropil as well as staining of some coarse fibers in the
region of the bed nucleus of the stria terminalis, as noted in
previous studies using antisera to this region (Farb et al., 1995;
Gracy and Pickel, 1995). In contrast, the antiserum to C2' pro-
duced selective labeling of a small number of striatal neurons,
comprising <10% of the total number of striatal cells (Figs. 2F,
4C,D). All of the nNOS cells were strongly labeled for the C2’

<«
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segment, and this accounted for approximately one-half of the
C2' stained neurons that were present.

Cortical and hippocampal nNOS neurons are similar to
neostriatal nNOS neurons

Cortical and hippocampal nNOS neurons exhibited a pattern of
NMDARI1 immunostaining similar to that observed in the neos-
triatum (Fig. 5). In the neocortex, staining for NMDARI1 was
observed in all cortical lamina. Neuronal NOS-positive cells were
distributed throughout the cortex and uniformly exhibited stain-
ing for NMDARI (Fig. 54,B). In contrast to the striatum, both
nNOS-positive and nNOS-negative cortical neurons exhibited at
least moderate staining for the N1 segment (Fig. 5E,F). As in the
striatum, cortical nNOS-positive neurons were distinguished by
the striking lack of NMDARI1-Cl-ir, whereas staining for this
segment was intense in many nNOS-negative cortical neurons
(Fig. 5I.J). Both nNOS-positive and nNOS-negative cortical neu-
rons exhibited moderately intense labeling for NMDAR1-C2
(Fig. 5SM,N). The antibody to the C2' segment produced staining
of a subset of cortical neurons. These C2' stained neurons were
more numerous than in the striatum. They were found in all
cortical lamina and included all of the cortical nNOS cells (Fig.
SO,R).

In the hippocampus, nNOS-ir neurons were found within the
stratum pyramidale, stratum radiatum, and stratum oriens of CA1
and CA3 as well as within the dentate hilus, consistent with
previous descriptions (Valtschanoff et al., 1993a). The antibody to
NMDARI produced intense staining of the perikarya and pro-
cesses of the granule cells of the dentate gyrus and the pyramidal
cells of the CA fields. All of the nNOS-ir neurons present in the
hippocampus also were labeled for NMDARU1, although the stain-
ing was often less intense than that of the pyramidal neurons of
CAl and CA3 (Fig. 5C,D). Neuronal NOS-positive neurons in the
hippocampus exhibited only faint NMDARI1-N1-ir (Fig. 5G,H),
whereas the nNOS-negative neurons in the pyramidal layers were
labeled to a modest degree. As in the cortex and striatum,
nNOS-positive hippocampal neurons did not exhibit Cl-ir (Fig.
SK,L). In contrast, the C1 segment antibody produced intense
staining of pyramidal cells in CA1l, but not in CA3, as described
previously (Johnson et al., 1996). Both nNOS-positive and nNOS-
negative neurons in the hippocampus were immunopositive for
the C2 as well as the C2’ segments (Fig. 5O,P and S,T).

DISCUSSION

Using a panel of well characterized antibodies, we have con-
ducted a systematic study of the localization of NMDARI iso-
forms in the intensely nNOS immunoreactive interneurons of the
neocortex, neostriatum, and hippocampus. Our data demonstrate
that these cells contain NMDARI protein and reveal that the
isoforms of NMDART1 present in these nNOS-labeled neurons

Figure 5. Localization of NMDARTI isoforms in the cerebral cortex and hippocampus. The left two columns illustrate neurons in the cerebral cortex,
within lamina III-V. The right two columns illustrate the CA1 region of the hippocampus. In each of the illustrations of the hippocampus, the stratum
pyramidale is in the upper left and the stratum radiatum is in the lower right part of each panel, except for panels S and 7, where the orientation is the
same but only the stratum pyramidale can be seen. In each case, staining for NMDARTI is illustrated on the left, whereas staining of the same region
for nNOS is on the right. The antibody to the conserved region of NMDARI produces strong staining of numerous cortical (A4) and hippocampal (C)
neurons; in both regions the nNOS neurons are labeled (B, D). The antibody to the N1 segment produces some low-intensity labeling of cortical nNOS
neurons (E, F') but only very sparse labeling in the hippocampus (G, H). The antibody to the C1 segment stains cortical (/) and hippocampal pyramidal
(K) neurons intensely, but it does not stain the nNOS cells in these regions (/, J and K, L). As in the striatum, the C2 segment antibody stains the
cytoplasm of neurons as well as the neuropil in the cortex (M, N') and hippocampus (O, P); this staining is similar in nNOS-positive and nNOS-negative
neurons. The antibody to the C2' segment stains a moderate number of cortical neurons (Q) and all of the pyramidal cells of CA1 (.S). In both regions
the nNOS neurons are strongly stained (Q, R and S, T) for the C2' segment. Scale bar, 20 pum.
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differ from those found in most other neurons in these regions. In
particular, nNOS-ir neurons in all three regions are characterized
by the absence of immunoreactivity for the C1 segment of
NMDARI. In addition, the nNOS-positive neurons demonstrate
selective concentration of the C2’ segment. The presence of
NMDARI protein in these cells provides a mechanism for the
NMDA receptor-mediated effects of glutamate on NO synthesis
(Garthwaite, 1991). The distinct and unusual composition of the
subunits present in nNOS neurons suggests that they may have
NMDA receptors with unique properties. These properties may
be important for both the physiological interactions of glutamate
with NO synthesis as well as for glutamate-stimulated, NO-
mediated excitotoxicity.

Localization of nNOS and the NMDARH1

receptor proteins

The antibody we have used for localization of nNOS was raised to
the C terminus of nNOS (Huang et al., 1993). Under the condi-
tions used in this study, we obtained intense staining of a small
number of neurons in the forebrain. Previous investigators have
identified these cells as those that are labeled by NADPH diaph-
orase (Bredt et al., 1991; Dawson et al., 1991; Hope et al., 1991).
Targeted disruption of the gene for the predominant (nNOSa)
form of the protein eliminates staining of these neurons as well as
95% of the NOS enzymatic activity found in brain (Huang et al.,
1993). Nevertheless, these are probably not the only neurons that
are capable of synthesizing NO in vivo. Using fixation procedures
different from the ones used in our study, researchers have ob-
served a low level of nNOS-ir in CA1 pyramidal cells (Wendland
et al., 1994), and it may be present in other regions. There is also
evidence for neuronal expression of endothelial NOS (Dinerman
et al., 1994) as well as alternatively spliced forms of nNOS
(Eliasson et al., 1997). Because these variant forms of nNOS are
modifications of the N-terminal and central regions of the pro-
tein, it is likely that our antibody would recognize them, but not
endothelial NOS.

The antibodies to NMDARI that we have used are targeted to
peptides or fusion proteins from discrete regions of the
NMDARI subunit protein. Each of the antibodies produces a
regional pattern of staining that is consistent with the known
distribution of the mRNAs encoding these segments: the region
common to all isoforms as well as the C2 segment is widespread,
whereas staining produced by the other antibodies is more re-
stricted (Laurie and Seeburg, 1994; Standaert et al., 1994). The
NMDARI antibodies stain neuronal cytoplasm and the neuropil
in a fine, granular pattern, consistent with ultrastructural studies
that have demonstrated clusters of NMDARI1-ir both at sites of
synaptic contact as well as within the cytoplasm of somata and
dendrites (Aoki et al., 1994; Huntley et al., 1994; Petralia et al.,
1994; Siegel et al., 1994; Farb et al., 1995; Gracy and Pickel, 1995;
Johnson et al., 1996). Interestingly, all of the antibodies to
NMDARI except that to the C2 terminus labeled predominantly
the perikarya of neurons, whereas the C2 antibody produced
strong labeling of the neuropil as well as cell bodies. We and
others (Farb et al., 1995) have observed similar staining by using
a different antibody to the C2 region (Petralia et al., 1994). It is
possible that these differences reflect distinct cellular localiza-
tions of the subunits containing the C2 segment (Chazot and
Stephenson, 1997). These antibodies to C2 have been used to
demonstrate the coexistence of nNOS-ir and NMDARI-ir in
individual dendrites located in the cerebral cortex or nucleus
accumbens (Aoki et al., 1997; Gracy and Pickel, 1997), but the
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ultrastructural localization of the different NMDARI isoforms
has not yet been examined systematically.

In situ hybridization has been used to examine the expression
of the mRNAs for NMDA receptor subunits in nNOS neurons,
using somatostatin (SOM) mRNA as a marker of these cells. In
the neostriatum, SOM-containing neurons correspond exactly to
the cells that express high levels of nNOS and stain with NADPH
diaphorase (Vincent and Johansson, 1983; Rushlow et al., 1995).
This relationship also holds for most cortical neurons containing
high levels of nNOS (Dawson et al., 1991) and the dentate hilus,
but not other regions of the hippocampus (Dun et al., 1994). The
mRNAs encoding NMDAR1, NMDAR2A, and NMDAR2B
have been identified in both striatal and cortical SOM neurons
(Augood et al., 1994; Landwehrmeyer et al., 1995). In both of
these areas, SOM neurons were remarkable for very low levels of
the C1 segment mRNA, in agreement with our immunohisto-
chemical observations. The mRNA segment encoding the C2
segment is expressed widely in rat brain, but it is somewhat less
abundant in SOM neurons than in other striatal neurons (Land-
wehrmeyer et al., 1995). We found that forebrain nNOS neurons
did stain with the antibody to the C2 segment of NMDARI, and
the intensity of staining was similar to that of other neurons in the
striatum, cortex, and hippocampus. The expression of the
mRNAs encoding isoforms bearing the C2' region of NMDAR1
has not been studied at a cellular level, but the expression is
known to be present at low levels in the striatum, more intensely
expressed in the cortex, and prominent in the pyramidal neurons
of the CA1 and CA3 regions (Laurie and Seeburg, 1994; Laurie
et al., 1995).

Our data lead us to infer that forebrain nNOS neurons contain
more than one NMDARI isoform. In the neostriatum and hip-
pocampus all of the subunits that are present appear to lack N1
and Cl, a large fraction bear the C2’ terminus, and a smaller
number contain the C2 carboxy segment. Thus, the predominant
isoform would be NR1,,,, with lesser amounts of NR1,,,, using
the terminology of Zukin and Bennett (1995) (see Fig. 1). In the
neocortex the isoforms are similar, except that the N1 segment is
also present to some degree (NR1,,, and NR1,,). A limitation
of the immunohistochemical approach is that the antibodies are
targeted to short segments of the NMDARI protein and thus
would not necessarily distinguish between intact subunits and
fragments of the protein. Confirmation of these inferences will
require isolation of intact NMDA receptor proteins from nNOS
neurons.

Functional significance of the C1 and C2 segments
The selective accumulation of NMDART1 splice forms lacking the
C1 segment and containing the C2' terminus (NR1y,,) in fore-
brain nNOS neurons may have important implications for the
functions of these cells and their vulnerability to injury. The C1
segment contains sites for phosphorylation by protein kinases A
and C, which may participate in the regulation of receptor assem-
blies (Tingley et al., 1993; Ehlers et al., 1995) In vitro, serine
phosphorylation within C1 alters the subcellular distribution of
NMDARI proteins (Ehlers et al., 1995). In addition, the C1
segment contains a high-affinity binding site for calmodulin,
which inhibits receptor activity, whereas a lower affinity site is
present within the C-terminal region of NMDAR1 common to all
the isoforms (Ehlers et al., 1996).

The alternative carboxy C2' segment also appears to have
functions related to receptor targeting and clustering. This seg-
ment contains a consensus recognition sequence for binding to
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the PDZ domains of PSD-95 (Kornau et al., 1995). This protein
is a major component of the postsynaptic density and interacts
with members of the NMDAR?2 family and other proteins, in-
cluding nNOS (Brenman et al., 1996; Kim et al., 1996; Kennedy,
1997). NMDARU1 isoforms containing the C2 segment are found
in an unassembled, monomeric form in mouse brains, whereas
those with the alternative C2’ terminus are complexed with other
subunits (Chazot and Stephenson, 1997). The accumulation of
NMDARI isoforms containing the C2’ segment in nNOS neu-
rons suggests that coclustering of NMDA receptor assemblies and
nNOS, mediated by PSD-95 or other PDZ domain-containing
proteins, may be important for signaling interactions between
these two systems.

NMDAR1 isoforms and selective vulnerability

Excess production of NO by nNOS is believed to mediate, in part,
neural injury elicited by glutamate acting at NMDA receptors
(for review, see Iadecola, 1997; Samdani et al., 1997). Inhibition
of NO synthesis blocks the formation of striatal and hippocampal
excitotoxic lesions and attenuates cortical injury in ischemia
(Izumi et al., 1992; Huang et al., 1994; Maragos and Silverstein,
1995; Schulz et al., 1995, 1996), whereas cortical cultures from
mice deficient in nNOS exhibit marked resistance to NMDA-
mediated toxicity (Dawson et al., 1996). Interestingly, in several
of these models the nNOS-ir neurons themselves are relatively
resistant to such injury, as they are in the human neurodegenera-
tive disorder of the neostriatum, Huntington’s disease (Ferrante
et al., 1985; Beal et al., 1991; Norris et al., 1996). Our data suggest
that the distinct NMDART1 isoforms present in nNOS-ir neurons
may contribute to this selective resistance to injury. This could
involve altered regulation of channels because of the absence of
the phosphorylation sites contained within C1 or altered interac-
tions with PSD-95 and other components of the postsynaptic
density mediated by the alternative C terminus.

Neuronal NOS-ir neurons also may have other unique proper-
ties. We have demonstrated previously that striatal nNOS neu-
rons and other types of interneurons exhibit selective expression
of the NMDAR2D subunit mRNA (Standaert et al., 1996). Re-
cent studies have shown that striatal nNOS neurons express
remarkably low amounts of the non-NMDA glutamate receptor
subunits GluR1-R4, but they do appear to contain members of
the kainate subunit family (GluR5-R7) (Tallaksen-Greene and
Albin, 1994; Catania et al., 1995; Chen et al., 1996). Unraveling
the relationships of these complex receptor systems may reveal
opportunities for preventing or attenuating neural injury.
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